Abstract Cardiac myocytes are known to be influenced by the rigidity and topography of their physical microenvironment. It was hypothesized that 3D heterogeneity introduced by purely physical microdomains regulates cardiac myocyte size and contraction. This was tested in vitro using polymeric microstructures (G′=1.66 GPa) suspended with random orientation in 3D by a soft Matrigel matrix (G′=22.9 Pa). After 10 days of culture, the presence of 100 μm-long microstructures in 3D gels induced fold increases in neonatal rat ventricular myocyte size (1.61±0.06, p<0.01) and total protein/cell ratios (1.43± 0.08, p<0.05) that were comparable to those induced chemically by 50 μM phenylephrine treatment. Upon attachment to microstructures, individual myocytes also had larger cross-sectional areas (1.57±0.05, p<0.01) and higher average rates of spontaneous contraction (2.01±0.08, p<0.01) than unattached myocytes. Furthermore, the inclusion of microstructures in myocyte-seeded gels caused significant increases in the expression of beta-1 adrenergic receptor (β1-AR, 1.19±0.01), cardiac ankyrin repeat protein (CARP, 1.26±0.02), and sarcoplasmic reticulum calcium-ATPase (SERCA2, 1.59±0.12, p<0.05), genes implicated in hypertrophy and contractile activity. Together, the results demonstrate that cardiac myocyte behavior can be controlled through local 3D microdomains alone. This approach of defining physical cues as independent features may help to advance the elemental design considerations for scaffolds in cardiac tissue engineering and therapeutic microdevices.
The emergence of three dimensional (3D) scaffolds for cell and tissue engineering has focused the need to understand how cells interact with cues from the physical environment of supporting substrates. It is clear that physical variables regulate numerous processes of many cell types, including motility, growth, differentiation, apoptosis, and signal transduction (Brown 1982; Pelham and Wang 1997; Huang et al. 2004; Peyton and Putnam 2005; Ruiz and Chen 2008) . For instance, both the shape and size of a target-activated surface affect cell morphology and viability (Chen et al. 1997; Wang and Ho 2004; ). The effective stiffness or rigidity of a flat substrate has influence over the intracellular cytoskeletal stability (Engler et al. 2006; Saez et al. 2007 ). In addition, behavior is altered when cells are grown on surfaces with microtopography or in uniform 3D matrices (Pedersen and Swartz 2005; Lee et al. 2007; Thakar et al. 2008) . Nonetheless, more needs to be learned about the nature of the interaction of specific cell types with a tightlycontrolled microenvironment that mimics the more natural state a cell might find in a scaffold in vivo. Therefore, this article explores how cardiac muscle cells (myocytes) respond to microscale heterogeneity in a 3D matrix. It seems likely that the recognition of physical cues by cardiac myocytes occurs through a contact-dependent interaction of cells with the extracellular matrix (ECM) and features of external topography. Myocytes develop force internally and bear loads through cell attachments. It is the balance of these extrinsic and intrinsic loads that regulate protein synthesis, sarcomere assembly, cell size, and contractile activity (Katz 2002) . Cardiac myocytes possess specialized forms of focal adhesions at their ends and encircling the peripheral myofibrils at Z-discs. These junctions link the transmembrane integrin receptors to the actin cytoskeleton via adaptor proteins such as vinculin, paxillin, and α-actinin (Samarel 2005) . Mechanical information detected by focal adhesions and other internal protein complexes are then signaled downstream to mediate pathways involved in key transcriptional and cell remodeling events (Durieux et al. 2007; Ingber 2008; . Thus, the formation and stabilization of anchorage in cardiac myocytes is the critical step for mechanotransduction which, in turn, converts physical perturbations into cell-wide structural changes (Wang et al. 1993; Hoshijima 2006; Senyo et al. 2007 ). These signaling pathways ultimately control myocyte hypertrophy and optimize contractile work to pump blood effectively through the body (Ogawa et al. 2000; Raskin et al. 2009 ).
Specific responses of isolated cardiac myocytes to scaffolds have been explored with single interventions of rigidity, microtopography, or the third dimension. Upon modification of extracellular rigidity, cardiac myocytes grown on 10-17 kPa substrates yield more highly-ordered sarcomeres, fewer stress cables, and greater mechanical forces than myocytes on stiffer substrates (Jacot et al. 2008; Engler et al. 2008) . In the transition between 2D and 3D environments, the introduction of 5 μm-high vertical textures to a planar substrate affects cardiac myocyte shape, gene expression, and localization of attachment proteins (Motlagh et al. 2003b) . Neonatal cardiac myocytes have been shown to align and spontaneously contract in 5 μm grooves (Deutsch et al. 2000; Motlagh et al. 2003a) or upon flat surfaces stamped with protein bands of 10 μm width (Gopalan et al. 2003) . In a full 3D collagen matrix, neonatal cardiac myocytes display more mature morphological qualities, such as parallel-arranged sarcomeres and welldeveloped T-tubules (Zimmermann et al. 2002) . Furthermore, varying the stiffness of a uniform 3D fibrinogen gel is known to alter the rate and amplitude of myocyte contraction (Shapira-Schweitzer and Seliktar 2007) .
In this study, a combination of microscale rigidity and topography in 3D for cardiac myocytes is assessed for the first time. Such physical cues are presented to single cells in vitro as polymeric microstructures in a supporting 3D gel. Inclusion of rigid microstructures at low concentrations in a soft 3D matrix greatly reduces cardiac fibroblast proliferation even though the bulk stiffness of the gel remains unchanged . Neonatal rat ventricular myocytes are shown here to recognize the local heterogeneity created by microstructure addition, forming cell contacts with the discrete features in 3D. Microstructures significantly affect the spontaneous beating rate, gene expression, and cross-sectional area of myocytes, which suggests that cellular processes in cardiac muscle are sensitive to physical microdomains in 3D.
Materials and methods

Fabrication of microstructures
Polymeric microstructures measuring 50×15×15 or 100× 15×15 μm 3 (L×W×H) were fabricated using basic photolithographic methods as described previously . Briefly, negative photoresist SU-8 2010 (Microchem, Newton, MA) was spun onto a clean 3-inch silicon wafer to a depth of 15 μm. After a short pre-baking step, the wafer was centered under a Karl Suss MJB3 mask aligner (Karl Suss, Munich, Germany) and a 3-inch square transparency mask patterned with an array of 50 or 100 μm-long microstructure shapes (Infinite Graphics, Minneapolis, MN). The wafer was then exposed to a 365 nm light source (13 mW/cm 2 ) for 13 s, followed by a 3 min post-bake. Gentle submersion in SU-8 developer (Microchem) removed all non-crosslinked photoresist, yielding the final, fully-formed microstructures. The dimensions of microstructures were confirmed by measurements from a Tencor P-1 profilometer (KLA Tencor, Milpitas, CA) and a Nikon interferometric microscope (Nikon, Melville, NY). Microstructures were collected from wafers, sterilized in 70% ethanol, counted, and stored in serum-free culture media at 4°C until use.
Microstructures made from poly(ethylene glycol) dimethacrylate (PEGDMA) were fabricated by a similar protocol. A photoinitiator solution containing 75 mg 2,2-dimethyloxy-2-phenylacetophenone (DMPA) per 1 mL vinyl-2-pyrrolidone was vortexed and added as 1.4% of an 83.3%/15.3% PEGDMA/PBS solution (Sigma, St. Louis, MO). After sonication for 30 min, the mixed solution was spun onto a silicon wafer to a 15 μm thickness and exposed to 365 nm light with no pre-or post-baking steps. Non-crosslinked PEGDMA was washed with water and isopropyl alcohol, and the resulting microstructures were collected as before.
Suspension of cardiac myocytes and microstructures in 3D
Primary ventricular myocytes were enzymatically isolated from 1-2 day old Sprague-Dawley rat hearts by established methods (Motlagh et al. 2003a ). Myocytes and microstructures were suspended in a 3D gel matrix using protocols originally described for studies with fibroblasts; the provided mechanical modulus of the microstructures and gel matrix components are values reported previously Ayala et al. 2010) . Isolated myocytes and sterile microstructures (SU-8 G′=1.66 GPa) were uniformly mixed on ice in Matrigel (BD Biosciences, San Jose, CA), a commercially available ECM proteinrich (e.g.-collagen IV, laminin) extract that approximates a physiologic cell-supporting environment. The unpolymerized composite (G′=22.9 Pa), containing randomly dispersed myocytes (4×10 6 /mL) and microstructures (2× 10 4 /mL, 4 × 10 4 /mL, or 8 × 10 4 /mL corresponding to 0.045%, 0.09%, or 0.18% total volume) in diluted Matrigel (4.0 mg/mL), was pipetted as 100 μL droplets onto 35 mm glass-bottom dishes (MatTek, Ashland, MA) and allowed to polymerize. These concentrations of cells and microstructures attempted to ensure that myocytes, which are largely non-migratory, were positioned no greater than 100-150 μm from a microstructure, thereby maximizing potential cell-microstructure interactions without promoting clustering of either component. Control groups of similar amounts of myocytes and Matrigel but with no added microstructures were mixed and plated in the same manner. The resulting gel layers (0.5-1.0 mm in depth) were immersed in 2 mL complete medium consisting of DMEM F-12 without L-glutamine (Sigma), 5% fetal bovine serum, palmitic (2.56 mg/L) and linoleic (0.84 mg/L) fatty acids, penicillin G/streptomyocin (1 mg/mL), and 8 μM AraC (Sigma). Myocytes were grown for up to 10 days at 37°C with 5% CO 2 .
Fluorescent staining of cardiac myocytes
To image live myocytes in 3D settings, the fluorescent stains calcein AM and Hoechst 34580 (Invitrogen, Carlsbad, CA) were used to visualize cell cytoplasm and nuclei, respectively. Culture media was supplemented with 5 μM calcein AM and 10 μM Hoechst 34580 and incubated with myocyte-seeded gels for 20 min at 37°C. Fluorescent signals from cells and microstructures (which autofluoresce with 405 nm excitation) were captured using a Zeiss LSM 510 META laser confocal microscope (Zeiss, Peabody, MA). Acquired images (1024×1024 pixels) were processed with LSM Image Browser software (Zeiss).
For immunofluorescent staining of myocytes, seeded gels were fixed in 3% paraformaldehyde for 5 min, followed by a 0.3 M glycine/PBS rinse. After soaking gels in 0.5% Triton X-100 (Sigma) for 5 min and 10% goat serum/PBS for 20 min, cells were labeled for 1 h with antibodies for sarcomeric α-actinin (monoclonal ab9465, Abcam, Cambridge, MA), paxillin (monoclonal ab32084, Abcam), or N-cadherin (polyclonal ab12221, Abcam) diluted 1/200 in 1% BSA/PBS. After 3 PBS washes, species-compatible Alexa Fluor IgG secondary antibodies (Invitrogen) diluted 1/1000 were added for 45 min. Gels were then rinsed with PBS and stored in 1 nM DAPI/PBS (Vector Labs, Burlingame, CA) for imaging. Fluorescence was captured as single or a series of 1 μm optical slices using a laser confocal microscope (Zeiss) as detailed above.
Evaluation of cardiac myocyte size
An assessment of the morphological or size changes caused by microstructures after 10 days was carried out by several analogous methods. The simplest approach involved an analysis of images captured from live myocytes stained with calcein AM and Hoechst 34580. Measurement of the fluorescence-based contours of myocytes was performed with ImageJ software (NIH, Bethesda, MA) to produce scaled values of cell perimeter and area (in μm and μm 2 , respectively). Such measurements were averaged from a pool of at least 8 images acquired for separate gel conditions with no, 50, or 100 μm-long microstructures.
A second, more robust image analysis technique was used to compare microstructure-induced cellular changes to a pharmacological mediator of myocyte hypertrophy. This positive control was established by treating a cell-seeded gel lacking microstructures with 50 μM phenylephrine for 48 h beginning on day 2. After fluorescent staining for α-actinin and nuclei, images were collected from gel layers as described using a 25× objective. A minimum of 8 blindlyselected images were taken for each experimental group and repeated over 3 independent cultures. For each image, a stereological average of sarcomeric content, based on α-actinin signals, was measured using ImageJ software. This value was divided by the number of contained nuclei present to obtain an index of myocyte size. Numerical results from groups with an added stimulus were normalized over each culture to the negative control group.
An assessment of myocyte size for the whole cell population in 3D gels was determined using protein/cell number ratios. With phenylephrine-treated myocytes again serving as a positive control, viable cells were removed from gels by incubation with 400 μL Dispase (BD Biosciences) at 37°C for 2 h. The resulting cell suspensions were collected in centrifuge tubes and spun for 5 min at 500×g. Resuspended pellet volumes were then split, with half used for 5 separate cell counts via trypan blue staining and a hemocytometer. The remaining cells were lysed with 100 μL 1% SDS buffer. Protein levels in each group were measured with a Qubit fluorometer and Quant-iT protein assay (Invitrogen). Ratios of average protein readings and respective cell counts were normalized over 3 cultures to those from negative control gels, as before.
Calculation of cardiac myocyte cross-sectional area
A comparison of cross-sectional area for myocytes in 3D gels with or without local microstructures was made by analyzing stacks of 1 μm-thick image slices captured from α-actinin and nuclei signals. Scaling tools within ImageJ software were used to measure both the total cell thickness and the maximum transverse width at the linear midpoints along reconstructed myocytes. Using these values and an ellipsoid shape assumption, the cross-sectional area was calculated. The process was repeated over 20 image stacks for each condition of anchorage, as pooled from 3 separate cultures.
Counting of myocyte clusters in 3D
To gauge whether the presence of microstructures contributed to an overall change in myocyte aggregation, a random sampling of cell cluster sizes were tallied for each condition. Myocytes were fixed and co-immunostained with α-actinin and N-cadherin and viewed under a laser confocal microscope (Zeiss) with high-powered objective. Cells in clusters (containing more than a single isolated myocyte) were verified by the appearance of N-cadherin at cell-cell junctions. At least 50 single cells or clusters were counted in control and microstructure-containing gels and averaged over 3 separate cultures. Final averages were plotted in terms of the relative frequency of each cluster size.
Analysis of cardiac myocyte contraction rate
Two methods were used to survey the rate of contraction for live cardiac myocytes in 3D gels with or without microstructure contact. The first made use of a Nikon TMS inverted microscope (Nikon) to identify single myocytes visually. The number of spontaneous beats for each myocyte was noted over a 60 s interval, and a minimum of 30 cells were observed for each anchored condition over 5 cultures. The second method used the same confocal microscope detailed earlier to capture line scans of isolated myocytes. Briefly, cells in gels were incubated with 5 μM calcein AM and 10 μM Hoechst 34580 (Invitrogen) at 37°C for 20 min to confirm cell viability. Individual beating myocytes oriented with a long axis parallel to the XY plane were focused at their widest region. A time series was then started to collect transmitted light (from DIC channel) over a pixel-wide line along the cell length every 25 ms for a total of 5 s. The ability for this 3D system to assess contraction rate was validated by recapturing line scans on the same cell positions upon switching of culture media containing 10 μM dobutamine or 10 mM 2,3-butanedione monoxime (BDM, Sigma).
Gene expression analysis: microarray and real-time PCR
Global gene expression analysis of cardiac myocytes made use of the Affymetrix GeneChip platform, with all steps of microarray hybridization carried out compliant to manufacturer recommendations (Affymetrix, Santa Clara, CA). Briefly, RNA was extracted directly from myocytes in gels with or without microstructures at day 10 by TRIzol extraction (Invitrogen) and purified with DNase I treatment (Invitrogen). Isolated RNA was pooled equally by mass over 3 separate cultures and submitted to the University of Illinois Core Genomics Facility (Chicago, IL) for sample viability, reverse-transcription, cDNA preparation, cRNA labeling, hybridization, and scanning protocols. Using the Rat Expression Array 230 2.0 (Affymetrix), a total of 6 chips were scanned, with 3 replicates from each experimental group.
Expression data analysis was performed with the dChip software package (Li and Hung Wong 2001) . Scanned results were normalized on median intensity profiles across all replicates to generate raw gene expression data. From here, model-based expression data was calculated using the Perfect Match/Mismatch (PM/MM) Difference Model (Li and Hung Wong 2001) . Within the software, sorting filters were then applied to over 28,000 representative genes to identify those with significant differences (p<0.05) between control and microstructure-containing replicates. These genes were grouped by biological process from gene ontology annotations of corresponding microarray probes. The gene list was further filtered manually for biological relevance to cardiac muscle, with respect to calcium cycling, metabolism, cytoskeleton remodeling, and mechanical signaling. A final subset of 10 genes was plotted with heat maps of normalized expression data.
Confirmation of microstructure-induced fold changes for several members of this gene subset was achieved by realtime PCR analysis. Here, RNA was isolated from cardiac myocytes in gels by TRIzol extraction (Invitrogen) and reverse transcribed with the enzyme M-MLV (Invitrogen). The resulting cDNA and primers specific to adrenergic receptor beta-1 (β1-AR, 5′-ATTAGTTGGAAGGACC AGGCG and 5′-GCAAAATGGCCTTTCAACCAC), sarcoplasmic reticulum calcium-ATPase (SERCA2, 5′-TCTGCCAGTGGGACTCTTCT and 5′-GTTGAGCAT CCTGTCCTTCC), cardiac ankyrin repeat protein (CARP, 5′-CACACCGTTTCCAGTGTCAT and 5′-CCAGCC T T C A AT G G G T TA A G ) , a n k y r i n -1 ( A N K 1 , 5 ′ -TCCCGTTGCTAGTAGGAGCTGT and 5′-GAGCATGT GAGAGAGAGCCAAG), cytochrome c oxidase subunit VIII heart/muscle (COX8H, 5′-GAGAATCATGCC AAGGCTTC and 5′-GCCAGCGATTATGACTGACA) and the housekeeping control beta-2-microglobulin (β2M, 5′-CAGTTCCACCCACCTCAGAT and 5′-TTTTG GGCTCCTTCAGAGTG) were set up with a SYBR Green assay and run in an ABI 7900HT thermocycler (Applied Biosystems, Warrington, WA). The β2M control was selected based on the overall stability and transcript levels of the gene previously confirmed within the heart (Pérez et al. 2007 ). Gene products were compared for myocytes grown with or without microstructures using the relative standard curve method. The analysis was repeated over 4 separate cultures.
Statistics
Statistical analysis was performed using Excel software (Microsoft, Redmond, CA). Differences in quantitative variables were determined by a two-tailed Student's t-test or one-way ANOVA, with significance marked as p<0.05. All data is expressed as mean ± SEM.
Results
Microstructure design and effectiveness
Several optimization experiments were first required in order to study the responses of cardiac muscle cells to microscale domains. All experiments used a constant seeding density of neonatal rat ventricular myocytes (4× 10 6 /mL) to yield unsynchronized, isolated cells in 3D gel matrices. This concentration of myocytes suspended in Matrigel ( Fig. 1(a) ) served as a control for comparison to gels containing the same number of cells with engineered microstructures (Fig. 1(b) ). Both culture conditions produced independently-beating myocytes that remained viable beyond 10 days. In this time frame, single myocytes demonstrated an ability to make contact with other neighboring features, whether another cell or a locally-positioned microstructure (Fig. 1(c-e) ). Myocyte-microstructure contact occurred similarly when microstructures were comprised of either poly (ethylene glycol) dimethacrylate (PEGDMA) or SU-8 photoresist ( Fig. 1(f-h) ). Next, the minimum microstructure concentration required to permit contact with the majority of myocytes was determined (Fig. 1(i-k) ). At a microstructure concentration of 4×10 4 /mL (0.09% of total volume), most myocytes were within a cell length (<100 μm) of a discrete microstructure (Fig. 1(j) ). This randomly-oriented but uniform distribution of microstructures was found to cause changes in live myocyte morphology after 10 days. Cell perimeter and area, as quantified through cytoplasmic staining with calcein AM (Fig. 1(l-n) ), both increased significantly with microstructure presence (Fig. 1(o) ). However, no average morphological differences were detected when microstructures of two distinct dimensions were contrasted (50×15×15 or 100×15×15 μm 3 at fixed volume percentages). As a result, only 100 μm-long microstructures were used in additional testing to more closely approximate the scale of single myocytes (Fraticelli et al. 1989 ).
Immunostaining of microstructure-interfacing myocytes
Upon immunofluorescent staining at day 10, paxillin was found to accumulate at regions of myocyte-microstructure contact, indicative of active focal adhesion complexes (Fig. 2(b) ). In control gels with no microstructures, paxillin staining in myocytes was speckled and punctate in appearance ( Fig. 2(a) ). However, both 3D-suspended groups exhibited focal adhesions that were less prominent than those typically found in myocytes firmly anchored to conventional 2D substrates (not shown). The interaction between cells and microstructures was evident even in myocytes showing stable attachments to adjacent cells, as evaluated by N-cadherin staining of adherens junctions (Fig. 2(c),(d) ). The angles single myocytes made with microstructures were random in 3D, with contact occurring anywhere along each microstructure (Fig. 2(e-g) ). In all such cases, sarcomeric α-actinin staining showed that myocytes attached to microstructures with terminal striations, as the first sarcomeres at cell ends were adjacent to microstructure surfaces.
Indices of cardiac myocyte hypertrophy
Microstructure-related changes in the general characteristics of cardiac myocytes were examined more thoroughly with assays of cell growth. By 10 days in culture with microstructures, myocytes were visibly larger and displayed a greater area of muscle striations (Fig. 3(a),(c) ). At this time point, a stereology-based assessment of area in 3D-suspended myocytes (via sarcomeric α-actinin staining) revealed that microstructures caused a 1.61-fold increase in muscle cell size (Fig. 3(d) ). In a separate analysis, myocyte populations recovered from depolymerized gels were counted and subsequently lysed to quantify protein levels; the determined protein/cell ratios, when normalized, showed a 1.43-fold difference between microstructure conditions (Fig. 3(e) ). The physiological context of microstructure cues was evaluated by comparison to a pharmacologic stimulus of myocyte hypertrophy, phenylephrine (Eble et al. 1998) , which caused increases in cell area and protein/cell ratios that were similar to those induced by microstructures (Fig. 3(b),(d),(e) ). Furthermore, an increased myocyte cross-sectional size correlated with microstructure presence; measurements of α-actinin-based 3D reconstructions for microstructure-interfacing myocytes consistently yielded larger cross-sectional areas (60.63± 2.26 μm 2 ) than myocytes in gel alone (38.39±1.98 μm 2 ) (Fig. 3(f) ). Microstructures had no effect on whole cell cluster sizes, and the prevalence of isolated cells did not differ in gels with or without microstructures (Fig. 3(g) ).
Spontaneous contraction of microstructure-supported cardiac myocytes
Microstructure contact also affected the beat-to-beat character of individual cardiac myocytes. Specifically, myocytes situated near microstructures in 3D exhibited 2-fold higher average rates of spontaneous contraction (33.0±1.4 BPM) at day 10 than cells with no adjacent microstructures (16.4±1.1 BPM) (Fig. 4(a) ). Since only single, isolated cells were used in the analysis, such chronotropic differences were not the result of an altered clustering effect of the myocytes themselves.
Examples of the varied beating rates due to microstructures were captured using live cell imaging and high-speed line scanning (Fig. 4(b-e) ). Apart from these baseline differences, myocytes with or without microstructure contact similarly increased beating rates when exposed to dobutamine, a selective adrenergic agonist (Fig. 4(a),(f),(g) ). In addition, BDM, an inhibitor of actin-myosin cross-bridge cycling, blocked all beating as expected both in the presence or absence of microstructures (Fig. 4(a),(h),(i) ).
Microstructure-induced changes in gene expression
The effect of 10 day microstructure inclusion on global gene profiles in myocytes was carried out by microarray Fig. 3 Microstructure-induced myocyte hypertrophy. Images captured using laser confocal microscopy reveal differences in cardiac myocyte size after 10 days between (a) myocytes in 3D gels, (b) myocytes in gels treated with 50 μM phenylephrine, and (c) myocyte-seeded gels containing 100 μm-long SU-8 microstructures. Cells were stained for muscle-specific α-actinin (red) and nuclei (blue) (scale =50 μm). (d) Image analysis (n=3 cultures, 24 total images per culture) confirms similar fold increases in myocyte size (1.61±0.06) due to microstructures or phenylephrine (1.68±0.02). (e) Protein levels per total cell count in each dish (n=3), microstructure-containing gels and phenylephrine-treated gels both show similar fold increases (1.43± 0.08 and 1.46±0.03, respectively) relative to control myocytes. (f) Myocyte cross-sectional area from α-actinin-based 3D reconstructions (n=3 cultures, 7 stacks per culture) also increases between conditions without (38.39±1.98 μm scanning. Comparison of the resulting normalized expression values revealed 276 distinct genes that differed significantly upon microstructure addition in 3D gels. When grouped by biological process, many genes occupied broad ontological classifications such as cell localization, metabolism, and development ( Fig. 5(a) ). Other common categories-including the regulation of cell processes, signal transduction, and the response to a stimulus-were of particular interest to cardiac muscle. Such genes were filtered by annotation and relevance to produce a small, focused subset of genes associated with membranecytoskeletal linkage and muscle regulation (Fig. 5(b) ). Several of these microstructure-affected genes had significant fold changes that were confirmed through real-time PCR assays (Fig. 5(c) ). Increases in expression were identified for adrenergic receptor beta-1 (β1-AR, 1.19± 0.01), sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2, 1.6±0.12), cardiac ankyrin repeat protein (CARP, 1.26±0.02), ankyrin-1 (ANK1, 1.42±0.05), and cytochrome c oxidase subunit VIII heart/muscle (COX8H, 2.05±0.2) as relative to a beta-2 microglobulin (β2M) housekeeping control gene.
Discussion
Results show that the addition of a small quantity of microstructures in 3D gels introduces heterogeneity in stiffness and topography, which is sufficient to alter the hypertrophy, spontaneous contraction, and gene expression of neonatal rat ventricular myocytes. Myocytes interact with microstructures and are sensitive to such local heterogeneity over time. Direct contact of an individual myocyte with a microstructure thus provides an effective stimulus for augmenting muscle cell function.
Microstructures promote hypertrophy in myocytes
Ventricular myocytes undergo rapid changes in functional size and intracellular organization in response to underworked or overworked conditions both in vivo and in vitro (Thompson et al. 1984; Cooper et al. 1986; Nishimura et al. 2004) . Similar changes are evident in the current study, as total sarcomeric area and protein levels per myocyte show significant increases by day 10 in 3D culture with microstructures (Fig. 3) . Indeed, the magnitude of the observed (Eble et al. 1998 ). This physically-induced hypertrophic response leads to the simple interpretation that microstructures affect the adaptive behaviors of nearby myocytes. Interestingly, other studies have demonstrated that modifications in micropatterned surfaces (Geisse et al. 2009 ) and micropegged and/or microgrooved substrata (Motlagh et al. 2003b) are not sufficient to elicit differences in total myocyte size. Yet the firm anchorage of cells on these substrates may prevent such microscale geometric or topographical variables from influencing the active shortening and contractile effort of myocytes. In full 3D, however, myocytes contract against the discrete 100×15× 15 μm 3 microstructures and thus cause hypertrophy in a loaded manner comparable to that in the body .
Real-time PCR analysis identified several genes affected by the inclusion of microstructures (Fig. 5) that may contribute to the ongoing hypertrophic processes in cardiac myocytes. The gene coding adrenergic receptor beta-1 is significantly increased in microstructure groups; the Gprotein-coupled receptor is a known marker of pathological and physiological hypertrophy, with expression levels increased in both pressure-overloaded and chronicallyexercised rat hearts (Iemitsu et al. 2001) . Cytochrome c oxidase subunit VIII heart/muscle (COX8H) is also affected by microstructures; the terminal enzyme of the mitochondria electron transport chain is a key metabolic gene with altered expression during hypertrophy (Strøm et al. 2004 ). Ankyrin-1 and cardiac ankyrin repeat protein (CARP) share some sequence homology but assume distinct structural and signaling functions in myocytes. An alternatively spliced ankyrin-1 product is concentrated in the sarcoplasmic reticulum and helps to connect the organelle to the contractile apparatus (Bagnato et al. 2003) . CARP acts as a transcription factor that operates with the myofibrillar protein titin in the muscle stretch-sensor system (Zolk et al. 2002; Witt et al. 2005) . CARP expression has also been found to be upregulated rapidly in response to hypertrophic stimuli (Aihara et al. 2000; Nagueh et al. 2004) . Taken together, the activation of these genes at day 10 in culture suggests that microstructures have a prolonged effect on myocyte-specific growth mechanisms.
Microstructures and contractile activity
The significant differences in cardiac myocyte beating rates due to microstructure contact imply that additional regulatory pathways are affected (Fig. 4 ). Yet myocytes with or without local microstructures both display normal responses to the chronotropic drugs dobutamine and BDM, affirming that basic physiological activity is not impaired in either 3D-cultured group. Myocyte beating frequency is known to be influenced by the physical environment, as a correlation has been described between 2D substrate stiffness and spontaneous beating rate in Fig. 5 Gene expression altered by microstructures. Global microarray gene expression analysis was performed using RNA isolated from 10 day cultures of myocytes in 3D gels with or without microstructures (n=3). (a) Over 250 unique genes significantly altered by microstructures (p<0.05) were grouped by biological process. Several ontology categories with relevance to cardiac muscle (highlighted in yellow) were explored to yield a list of 10 genes of interest. (b) The filtered genes are listed and shown with corresponding chip-level expression values (red = higher normalized expression). (c) Expression changes were confirmed for several genes by independent realtime PCR analysis, showing significant microstructure-related increases in adrenergic receptor beta-1 (β1-AR, 1.19±0.01), sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2, 1.6± 0.12), cardiac ankyrin repeat protein (CARP, 1.26±0.02), ankyrin-1 (ANK1, 1.42±0.05), and cytochrome c oxidase subunit VIII heart/ muscle (COX8H, 2.05±0.2) when normalized to a beta-2 microglobulin (β2M) housekeeping control gene (n=4). Mean ± SEM. #p< 0.01, *p<0.05 embryonic cardiac myocytes (Engler et al. 2008) . The spontaneous contraction of neonatal cardiac myocytes is also dependent on the uniform stiffnesses of 3D gels (Shapira-Schweitzer and Seliktar 2007; Lee et al. 2008) . Current data shows that this bulk property can be overridden (based on cellular responses) by the inclusion of rigid domains that account for less than 1% of the total volume.
Beating rate changes in myocytes from microstructurecontaining gels may be related to the increased gene expression of SERCA2, a protein integral to intracellular calcium cycling and thus the overall rate of contraction (Weisser-Thomas et al. 2005) . Myocyte SERCA2 expression varies with 2D substrate stiffness (Jacot et al. 2008) , which parallels the study relating the same variable to myocyte beating rate (Engler et al. 2008) . Other external loading stimuli have shown contrasting effects SERCA2 expression, with evidence of both upregulation and downregulation of the gene through different regimes of cyclic stretch (Cadre et al. 1998; Kögler et al. 2006) . SERCA2 may therefore be a key player in the apparent feedback between microstructuremyocyte contact and contractile cell dynamics.
Recognition of a microscale domain
Certain physical attributes of microstructures play a greater role than others in eliciting cardiac myocyte responses. The polymer itself (PEGDMA or SU-8) does not appear to be relevant in this in vitro system, as myocyte interactions occur regardless of microstructure material. This is surprising since both PEGDMA and SU-8 are known to resist protein or cell attachment when used as unmodified 2D substrates (Kim et al. 2005; Tao et al. 2008) . However, when PEGDMA or SU-8 microstructures are surrounded by the rich extracellular matrix (Matrigel) during seeding, cells seem to sustain physiologically meaningful contact with the 3D features.
It is clear that the heterogeneity introduced by microstructures into the uniform gel matrix in 3D is an effective biophysical cue. Cardiac myocytes recognize such local heterogeneity, forming randomly-oriented perpendicular, oblique, or parallel associations with microstructures by day 10 (Fig. 2(e-g) ). The underlying cause of this interaction may be template guidance, as demonstrated with the alignment of myocytes in the direction of microtextured grooves (Motlagh et al. 2003b) . Other cell types such as cardiac fibroblasts ) and mesenchymal stem cells (Collins et al. 2010 ) have also been shown to detect heterogeneity in 3D culture.
The addition of microstructures in 3D gels alters not only the spatial heterogeneity around cells, but the mechanical heterogeneity as well. Myocytes interact similarly with PEGDMA and SU-8 microstructures, which have considerably different scales of elastic moduli (approximately 20 kPa and 4 GPa, respectively) Ayala et al. 2010 ). These observations suggest that the differential stiffness provided by relatively rigid microstructures in the very soft 3D gel (G′=22.9 Pa) is a contributing factor in affecting myocytes. From the level of single myocytes, the uniformly soft control gels may thus lack a resistive hub that is otherwise provided by the microstructures.
Cardiac myocytes also display a limited response to microstructure size. Both 50 and 100 μm-long stiff microstructures (at the same volume percentage) cause a significant change in myocyte morphology relative to control cells without microstructures (Fig. 1(l-o) ). However, the nearly equivalent results between 50 and 100 μm groups indicate that myocytes do not distinguish a 3D surface with a scale above that of a single cell.
Conclusions
As a whole, the collected data shows that microscale physical domains in a 3D environment control many aspects of cardiac myocyte function, including cell size, contractile beating rate, and gene expression. The ability for myocytes to be regulated by the heterogeneity provided by discrete 3D structures thus poses important considerations for various cardiac tissue engineering strategies. In exploring the physical requirements of single myocytes, the results also provide new insight for the understanding of cardiac muscle cell adaptation and remodeling.
